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ABSTRACT
The e f f e c t  o f th e  im prisonm ent o f re sonance  r a d ia t io n  in
2sodium  vapor on th e  ob serv ed  l i f e t im e  of th e  3 P s t a t e s  was in v e s t ­
ig a te d  in  an ex p erim en t in  which th e  atom s in  th e  vapor were e x c i te d  
by 10 n sec  p u ls e s  o f re so n an ce  r a d i a t i o n  and th e  e la p s e d  tim es 
between th e  e x c i t in g  and f lu o r e s c e n t  p u ls e s  were re c o rd ed  w ith  a
tim e—tcr*pulse—h e ig h t c o n v e r te r  and a  k ic k s o r t e r .  The observed  l i f e — 
2tim es o f  th e  3 P s t a t e s  over th e  ran g e  of vapor p re s s u re s  fn o a  
—7 —^10 to  10 t o r r  were compared w ith  th e  p r e d ic t io n s  o f th e  M ilne
and H o ls te in  th e o r ie s  o f r a d ia t io n  im prisonm ent. The M ilne th e o ry
i s  in  good agreem ent w ith  the  e x p e r im e n ta l r e s u l t s  over th e  whole
range o f vapor p re s s u re s  w hile  th e  H o ls te in  th e o ry  a g re e s  on ly
above tx 1 0  t o r r .  At low vapor p re s s u re s  o f th e  o rd e r  o f 10
t o r r ,  where th e re  i s  no r a d ia t io n  im prisonm ent, a v a lu e  o f 16.6^0*4
2
n sec  was o b ta in e d  f o r  th e  n a tu r a l  l i f e t im e  o f th e  3 P s t a t e s .
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1x. imoPffoncB
When sodium vap o r a t  low p re s s u re  i s  i l lu m in a te d  w ith  a  v e ry
s h o r t  p u ls e  o f  sodium  reso n an ce  r a d i a t i o n ,  th e  atom s a re  e x c i te d  
2
to  th e  3 P s t a t e s  and decay  e m it t in g  re so n an ce  f lu o r e s c e n c e .
T h is decay  fo llo w s  an e q u a tio n  o f th e  form ,
W - *  < 1 >
where and KQ a re  th e  number o f  e x c i te d  atom s a t  tim es  t  and 0
<-v 2
r e s p e c t iv e ly ,  6 ,  d e f in e d  a s  th e  l i f e t im e  o f th e  3 P s t a t e s ,  i s
th e  r e c ip r o c a l  o f  th e  p r o b a b i l i ty  ( E in s t e in ’s  ”A r -c o e f f ic ie n t" )
th a t  an e x c i te d  atom w i l l  sp o n tan e o u s ly  em it a  photon and decay 
2
to  th e  3 s t a t e * As tlie  vapor d e n s i ty  o f sodium  atom s i s
r a i s e d ,  a  pho ton  must undergo  many s u c c e s s iv e  a b s o rp tio n s  and
e m iss io n s  b e fo re  e sc a p in g  from th e  sodium  v ap o r. T h is  p ro c e ss  o f
im prisonm ent o f  re so n an ce  r a d ia t io n  cau se s  th e  ob serv ed  o r a p p a re n t
l i f e t im e  Z  t o  be much lo n g e r  th an  th e  a c tu a l  l i f e t im e  tT • i s
a  p ro p e r ty  o f  th e  whole vapor w hereas ^  i s  a  s p e c i f i c  p ro p e r ty  
2o f th e  3 P s t a t e s  o f th e  sodium  atom . At h ig h  vapor d e n s i t i e s
e q u a tio n  (1 )  w ith  Z> r e p la c e d  by X i s  assum ed to  be s t i l l  v a l i d .
P r e c is e  knowledge o f Z  as w e ll a s  in fo rm a tio n  abou t th e  dependence
o f Z upon a l k a l i  vapor p re s s u re  i s  o f g r e a t  i n t e r e s t  to  w orkers
i n  th e  f i e l d  o f  a tom ic p h y s ic s  and a tom ic  c o l l i s i o n s ,  r a d io —
freq u en cy  s p e c tro s c o p y , lumper a tm osphere  p h y s ic s  and plasm a p h y s ic s .
2
In  th e  p re s e n t  in v e s t i g a t i o n ,  th e  l i f e t im e  o f th e  3 P s t a t e s
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ao f sodium  has been m easured in  th e  most d i r e c t  m anner. Sodium 
atom s were e x c i te d  w ith  10 n sec  p u ls e s  o f reso n an ce  r a d ia t io n  
and th e  tim e i n t e r v a l s  betw een e x c i t a t i o n  and em iss io n  o f  a  
photon  by th e  vapo r were m easured a s  a  fu n c tio n  o f  v ap o r d e n s i ty .  
The method i s  d i r e c t  s in c e  i t  in v o lv e s  measurem ent o f  th e  l i f e ­
tim e o f a  s in g le  atom e x c i te d  by th e  p u ls e  o f  re so n an ce  r a d i a t i o n .  
The tim e m easurem ent te c h n iq u e s  u sed  in  t h i s  in v e s t ig a t i o n  have
been u sed  p re v io u s ly  i n  d e te rm in a tio n s  o f  l i f e t im e s  o f e x c i te d
1 2s t a t e s  in  i n e r t  g a se s  * • However, s in c e  th e  e x c i t a t io n  was 
c a r r i e d  o u t w ith  e le c t r o n  beams which cau sed  s im u lta n eo u s  e x c i t ­
a t io n  o f  s e v e r a l  a tom ic  l e v e l s ,  th e  a n a ly s i s  o f th e  decay  p ro c e s s e s  
was q u i te  c o m p lic a te d . Such com plex a n a ly s is  o f  th e  decay  p ro c e ss
i s  n o t n e c e s sa ry  w ith  o p t i c a l  e x c i t a t i o n  u s in g  sodium  reso n an ce
/yl 'T'r a d ia t io n *  At low vapor d e n s i t i e s  G £  « and th e  method y ie ld s  
a c c u ra te  v a lu e s  o f  V  w h ile  a t  h ig h e r  vapor d e n s i t i e s ,  th e  observed  
v a lu e s  o f  C* say  be com pared w ith  th e  p r e d ic t io n s  o f  v a r io u s  
th e o r ie s  o f  r a d i a t i o n  im prisonm en t.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3IX . THEORIES OF IMHBISCKMEHT OF RESOHMCB HADXATICK
The im prisonm ent o f re so n an ce  r a d i a t i o n  has been t r e a te d
3 kt h e o r e t i c a l l y  by s e v e r a l  a u th o r s .  K iln e  and H o ls te in  have
c o n s id e re d  th e  g e n e ra l  case  o f in c o h e re n t s c a t t e r i n g  in  which
h . f . s .  e f f e c t s  a re  n e g le c te d .  The s p e c i f i c  case  o f m u lt ip le
s c a t t e r i n g  i n  m ercury v a p o r , ta k in g  i n t o  accoun t coherence
5
e f f e c t s ,  has been e x te n s iv e ly  s tu d ie d  by B a rra t . B a r r a t 's
th e o ry , w hich assum es bswt- th e  s e p a r a t io n s  between th e  h . f . s .
com ponents to  be g r e a te r  th en  th e  D oppler w id th , i s  in a p p l ic a b le
2to  th e  p re s e n t  c a se  s in c e  th e  h . f . s .  o f th e  3 P l e v e l s  l i e  t o t ­
a l l y  w ith in  t h e i r  r e s p e c t iv e  D oppler w id th s  and a t  h ig h  sodium 
vapor p r e s s u r e ,  coherence  i s  n o t  p re s e rv e d .
6M ilne ex ten d ed  an e a r l i e r  t re a tm e n t by Compton in  which 
th e  m otions o f  q u an ta  o f  r a d i a t i o n  were d e sc r ib e d  by th e  s ta n d a rd  
d i f f u s io n  e q u a tio n . The an a lo g y  between d i f f u s io n  and im prison­
ment i s  i n c o r r e c t  s in c e  th e  '’c o l l i s i o n  tim e” d u rin g  w hich a  
quantum i n t e r a c t s  w ith  an atom i s  on th e  averag e  e q u a l to  L , 
th e  l i f e t im e  o f th e  atom and i s  much l a r g e r  th an  th e  mean tim e 
betw een ’’c o l l i s i o n s " .  The d i f f e r e n t i a l  e q u a tio n  g o v ern in g  th e  
r a t e  o f decay o f H , th e  c o n c e n tra t io n  o f  e x c i te d  a tom s, was 
g iv en  by M ilne a s
where t  i s  th e  tim e , X»a sp ace  c o o rd in a te ,  cXthe a tom ic  a b so rp ­
t io n  c o e f f i c i e n t  and N th e  t o t a l  c o n c e n tra t io n  o f a tom s. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4term  i s  a  m o d if ic a tio n  to  th e  d i f f u s io n  e q u a tio n  c o n s id e re d  
6by Compton and ta k e s  acco u n t o f th e  f i n i t e  i n t e r a c t io n  tim e ,
The s o lu t io n  o f e q u a tio n  ( 2 ) ,  assum ing p lane  p a r a l l e l  geom­
e t r y ,  c o n s i s t s  o f  a  sum o f te rm s , each  hav in g  a  tim e f a c to r  o f th e  
form  exp(—t / )« When o n ly  th e  dom inant f i r s t  term  o f th e  so lur- 
t io n  i s  c o n s id e re d , th e  r e p r e s e n ta t io n  o f th e  im prisonm ent e f f e c t
f o r  th e  32S 3 2S i / 2 * ~ ^ P3/ 2  t r a n s i ^io a c  i s
VU/ZVZ  « l+ C e^  }2, (3)
t O m / Z  * 1 + ( C 2 / > ) 2 , (4 )
where tahX eC^ and J( tanA = C 2 (0 6  >* 6 ^ 2 ,  0 6 6 r / 2 ) .  The 
o p a c ity  2* ^  (X-j 2^* ^  i s  vapor d e n s i ty , i s  th e  th ic k ­
n e ss  o f th e  vapo r l a y e r  and (X,, &z  a re  th e  a tom ic a b s o rp tio n
w12 2c o e f f i c i e n t s  f o r  th e  and D2 re so n an ce  l in e c (  (X, »$x10 era ,
Cx a1x10W,1ca2 )7 .
7.
H o ls te in  r e j e c t e d  th e  d i f f u s io n  an alogy  a s  i n v a l id  s in c e  
th e  a b s o rp t io n  c o e f f i c i e n t  o f  a  gas v a r ie s  over th e  freq u en cy  
sp ec tru m  and so  any d e f i n i t i o n  o f a  mean f r e e  p a th  f o r  th e  r e s ­
onance q u an ta  would be u n c e r ta in .  I n s te a d ,  he fo rm u la te d  th e  
problem  i n  term s o f  th e  p r o b a b i l i ty  G ( r1, r ) d r  t h a t  a  quantum 
e m itte d  a t  r*  i s  ab so rb ed  in  a  volume e lem en t d r  around  th e  
p o in t  r .  T h is  le a d s  to  th e  i n t e g r a l —d i f f e r e n t i a l  e q u a tio n  gov­
e rn in g  th e  r a t e  o f  decay  o f e x c i te d  atom s:
£ J V « * )  GCf.-Odr (5)
where n ( r )  i s  th e  c o n c e n tra t io n  o f  e x c i te d  atom s a t  r  and th e  
i n t e g r a l  i s  ta k en  over th e  volume c o n ta in in g  th e  f lu o r e s c in g  
atoms* I t  has been assum ed in  th e  d e r iv a t io n  o f e q u a tio n  (3 )  
th a t  th e  tim e o f  f l i g h t  o f pho tons i s  n e g l ig ib le  compared to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5th e  a tom ic  l i f e t i m e  t  * Assuming p la n e  p a r a l l e l  geom etry , th e  
so lu tio n , o f e q u a tio n  (p )  y i e ld s  th e  e x p re s s io n s  g iv en  helow  f o r  
th e  v a r i a t io n  o f th e  a p p a re n t l i f e t i m e s  Z  (1 /2 )  and ^ ( 3 / 2 )  w ith  
th e  vapor d e n s i ty !
1 / 2 ) / £  a0 .9 4 k 0 ( l / 2 ) /  { ln f k 0< 1 /2 )^ /2 ]}  1/ 2 t (6 )
Z \ y z y Z  « 0 .9 % ( 3 / 2 ) ^  [ l a [ k 0 < 3 /2 ) i / | j j  1 /2 ,  (7 )
where k Q(3 /2  )a27?cH /8n3/ 2v()^  ,  k 0(1 /2 )= k 0( 3 / 2 ) / 2 ,  7l0i s  th e  mean 
w av elen g th  o f th e  D l i n e s ,  K i s  th e  a tom ic  d e n s i ty ,  v ^ th e  most 
p ro b a b le  sp eed  o f  th e  atom s and Jt th e  th ic k n e s s  o f th e  p lan e  
p a r a l l e l  s la b  o f  f lu o r e s c in g  vapor*
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6I I I ,  EXPERIMENTAL
A, D e s c r ip t io n  o f th e  A pparatus
The a rrangem en t o f  th e  a p p a ra tu s  i s  shown in  f ig u r e  1 , The 
reso n an ce  r a d i a t i o n  e m itte d  by th e  sodium  lamp was p a ssed  th ro u g h  
a  K err c e l l  p la c e d  betw een c ro sse d  p o la r o ld s .  The K err c e l l ,  
a c t in g  a s  a  h igh -sp o o d  s h u t t e r ,  t r a n s m it te d  l i g h t  p u ls e s  w ith  
a  h a l f  w id th  o f 10 nose and a  r e p e t i t i o n  r a t e  o f 60 p u s . The 
t r a n s m it te d  l i g h t  was imaged in  th e  f lu o re s c e n c e  c e l l  which was 
c o n ta in e d  in  a  c o n s ta n t  tem p e ra tu re  oven. The re so n an ce  ra d ia ­
t io n  em erging from th e  f lu o re s c e n c e  c e l l  was fo cu ssed  on th e  
ph o to ca th o d e  o f a  P h i l ip s  5 6 T V P .p h o to m u ltip lie r.
The tim e which e la p s e d  between e x c i t a t io n  and th e  emergence 
o f  a photon  from  th e  vapo r was m easured a s  fo l lo w s , A sm a ll 
f r a c t i o n  o f th e  h ig h  v o lta g e  p u ls e  opening  th e  K err c e l l  was 
d i r e c te d  to  a  c i r c u i t  w hich shaped  and l im i te d  i t  to  a  r e c ta n g ­
u la r  p u lse  o f  100 nsec  d u ra t io n  and c o n s ta n t  h e ig h t .  A s im i la r  
c i r c u i t  shaped  and l im i te d  th e  v o lta g e  p u ls e s  em erging  from th e  
anode o f th e  p h o to m u lt ip l ie r  tu b e . These two r e c ta n g u la r  p u ls e s  
were a p p l ie d  to  th e  two in p u ts  o f a  tim e—to -p u ls e —h e ig h t  c o n v e r t­
er which £or mod a raap pulac of h e ig h t  proportional tb th e  tim e 
o v e rla p  ( tg —t ^ )  between th e  r e c ta n g u la r  p u ls e s .  The ra s p  p u ls e  
was shaped  and d i r e c te d  to  a  10 0 -ch an n el k ic k s o r te r  (m u lti­
ch an n e l p u ls e  h e ig h t a n a ly s e r ) .  To e l im in a te  th o se  p u ls e s  which 
were to o  sm a ll to  be shaped  u n ifo rm ly , a  sample p u ls e  from th e
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8p e n u ltim a te  dynode o f th e  p h o to m u lt ip l ie r*  s u i t a b ly  shaped  and 
a m p lif ie d ,  was u sed  to  g a te  th e  k i c k s o r t e r .  The re a d o u t from 
th e  k i c k s o r t e r  was r e g i s t e r e d  w ith  a  s p e c i a l l y  m o d ified  T e le ­
ty p e  u n i t  w hich a c te d  b o th  a s  a  p r i n t e r  and p ap er ta p e  punch.
( i )  The O p tic a l  A rrangem ent
The l i g h t  so u rc e  u sed  th ro u g h o u t t h i s  in v e s t ig a t io n  was an 
Qaran s p e c t r a l  lam p , w hich was chosen f o r  i t s  s im p l ic i ty  o f  
o p e ra t io n  and r e l a t i v e l y  s t a b l e  i n t e n s i t y  over lo n g  p e r io d s  o f
tim e . A ttem pts were made to  use  th e  S F -la ap  d e sc r ib e d  by A tk in -
8so n , Chapman, and K rause , b u t th e  c o r ro s iv e  a c t io n  o f th e  sodium 
vapor on pyre:-: s e v e re ly  l im i te d  i t s  l i f e *  Lamps made o f a l k a l i  
r e s i s t a n t  soda  g la s s  f i l l e d  because  th e  g la s s  was u n ab le  to  
w ith s ta n d  th e  h ig h  te m p e ra tu re s  g e n e ra te d  by d i e l e c t r i c  lo s s e s  
i n  th e  g l a s s .  A dequate f lu o r e s c e n t  i n t e n s i t i e s  were o b ta in e d  
w ith  th e  Osram lamp o p e ra te d  a t  an A.C. c u r r e n t  o f  1 .2  amps o r 
l e s s .
The o p t i c a l  sy stem  shown in  f ig u r e  1 was f i r s t  u sed  to  fo cu s  
th e  sodium  reso n an ce  r a d i a t i o n  in s id e  th e  f lu o re s c e n c e  c e l l .  The 
co n d en se rs  were made by m ounting e i t h e r  two f / 1 . 0  o r  two f / 1 .4  
p ian o —convex le n s e s  in  th e  same h o ld e r s .  However, when th e  ra d ia r-  
t io n  from  th e  lamp was imaged in s id e  th e  K err c e l l ,  th e re  was 
some l i g h t  le ak a g e  th ro u g h  th e  p o la ro id s  P and ?• b ecause  o f  th e  
la rg e  a n g u la r  a p e r tu r e  o f  th e  l e n s e s .  T h is  in  tu rn  a f f e c t e d  th e  
r a t i o  o f  th e  open to  c lo s e d  tra n s m is s io n  o f  th e  K err c e l l .  In  
an a tte m p t to  im prove t h i s  r a t i o ,  th e  la r g e  a p e r tu re  le n s e s  on 
e i t h e r  s id e  o f  th e  K err c e l l  were re p la c e d  by two f / 3 . 0  le n s e s  
a r ra n g e d  to  p a ss  p a r a l l e l  l i g h t  th ro u g h  th e  p o la ro ld s  *
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9I t  was a l s o  n e c e s s a ry  to  d i r e c t  th e  bean o f e x c i t in g  l i g h t  
a t  an a n g le  s l i g h t l y  s m a lle r  th a n  90°  to  th e  d i r e c t io n  o f o b se r­
v a tio n  o f f lu o r e s c e n t  l i g h t  so  t h a t  th e  e x t e r io r  o f th e  cone o f 
in c id e n t  l i g h t  j u s t  g ra z ed  th e  f r o n t  window o f th e  f lu o re s c e n c e  
c e l l .  T h is  was done to  keep  th e  amount o f  r e f l e c t e d  s t r a y  l i g h t  
sm a ll s in c e  i t  c o n tr ib u te d  to  th e  number o f  unw anted background 
p u ls e s  in  an e x p e r im e n t. To d e c re a se  f u r th e r  th e  amount o f  s t r a y  
l i g h t ,  th e  o u ts id e  o f  th e  c e l l  was p a in te d  w ith  '•Aquadag". At
wmOp re s s u re s  o f  th e  o rd e r  o f 10 t o r r ,  th e  r a t i o  o f  f lu o r e s c e n t
—6to  s t r a y  l i g h t  was ab o u t 15 and a t  a  h ig h e r  p re s s u re  o f  5x10 
t o r r  i t  ro s e  to  o v er 90*
The re so n an ce  r a d i a t i o n  was imaged on th e  ph o to ca th o d e  o f  a  
P h i l ip s  56TVP p h o to m u lt ip l ie r  tu b e  by a  co n d en sin g  le n s  system  
made up o f  two f / 1 . 4  p lan o -co n v ex  le n se s*  To d e c re a se  th e  da rk  
c u r r e n t ,  th e  tu b e  was co o led  to  l i q u id  a i r  te m p e ra tu re . The 
p h o to m u lt ip l ie r  has a  t r a n s i t  tim e o f 50 n sec  and a  f l u c tu a t io n  
in  t r a n s i t  tim e o f .9  n sec  a c ro s s  th e  p h o to ca th o d e . T h is  f lu c ­
tu a t io n  d id  n o t  c o n tr ib u te  to  th e  e x p e r im e n ta l e r r o r  s in c e  on ly  
a  sm a ll p a r t  o f th e  p h o to ca th o d e  a re a  was u sed . At th e  o p e ra t­
in g  v o lta g e  o f 2700 v o l t s  and a t  l i q u id  a i r  te m p e ra tu re , th e
wiQ Q
tu b e  had a  d a rk  c u r r e n t  o f  a b o u t 5x10 amp and a  g a in  o f 2x10 . 
The vacuum ja c k e t  o f  th e  c r y o e ta t  h o u sin g  th e  p h o to m u lt ip l ie r  
was pumped c o n tin u o u s ly  by two Edwards E01 o i l  d i f f u s io n  pusps 
in  s e r i e s ,  which were backed by an Edwards SS55 r o t a r y  pump#
( i i )  The F lu o re sc e n c e  C e l l  and Ovens
The f lu o re s c e n c e  c e l l  was s im i la r  to  t h a t  d e sc r ib e d  by
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Chapman • The s id e  arm , which c o n ta in e d  th e  l i q u i d  sodium , was 
k e p t a s  s h o r t  a s  p o s s ib le  (6  cm) in  o rd e r  t h a t  th e  vapor d e n s i ty  
in  th e  c e l l  sh o u ld  be d e te rm in ed  by th e  s id e  arm te m p e ra tu re  w hich 
was k e p t a  few d eg rees  below th e  te m p e ra tu re  o f  th e  main p a r t  o f  
th e  c e l l .  The c e l l  was co n n ec ted  to  th e  vacuum system  by means 
o f a  lo n g  c a p i l l a r y  2 am i n  d ia m e te r , which p re v e n te d  th e  sodium  
vapor from  e sc a p in g  t o  th e  o u ts id e .
The oven, in  w hich th e  c e l l  was mounted on a  movable t e f lo n  
c r a d le ,  i s  shown in  f ig u r e  2 . The s a in  oven c o n s is te d  o f  two 
r e c ta n g u la r  boxes o f t r a n s i t s , one in s id e  th e  o th e r ,  w ith  th e  
space  betw een them p ack ed  w ith  g la s s  w ool. The h e a t in g  e lem en ts  
c o n s is te d  o f # 2 ^  chrom el w ire  wound n o n - in d u c tiv e ly  on th e  in s id e  
s u r fa c e  o f  b o th  th e  to p  and f r o n t  o f th e  in n e r  t r a n s i t s  box. The 
f r o n t  w ind ings were i n s t a l l e d  to  e n su re  t h a t  th e re  would be no 
co n d en sa tio n  o f sodium  vap o r on th e  windows o f th e  f lu o re s c e n c e  
c e l l*  At h ig h  te m p e ra tu re s  th e  exposed  w indings glowed r e  dr-hot 
e m it t in g  r a d i a t i o n  w hich was w ith in  th e  s p e c t r a l  re sp o n se  o f  th e  
p h o to m u l t ip l ie r .  T h is  so u rce  o f background n o is e  was e l im in a te d  
by c o v e r in g  th e  w indings w ith  " S a u e re is e n ” . The in s id e  and o u t­
s id e  t r a n s i t©  boxes w ere f i t t e d  w ith  p lan e  g la s s  c i r c u l a r  windows 
w hich co rre sp o n d ed  to  th e  e n tra n c e  and e x i t  windows o f th e  f lu o r ­
escen ce  c e l l .
The s id e  arm o f th e  c e l l  f i t t e d  f a i r l y  sn u g ly  in  th e  s id e  
oven w hich c o n s is te d  o f  two co—a x i a l  b ra s s  c y l in d e r s  s e p a ra te d  
a t  each  end by two a n n u la r  t r a n s i t s  p ie c e s .  The in s id e  c y l in d e r  
ex ten d ed  a p p ro x im a te ly  1 1 /2  in c h e s  i n t o  th e  main oven. A le n g th  
o f f t  2k  chrom el w ire  h av in g  a  r e s i s t a n c e  o f 5 ohms, was wound
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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around  th e  in s id e  c y l in d e r  and form ed th e  h e a t in g  e lem en t o f th e
s id e  oven. Four c o p p e r-c o n s ta n ta n  th e rm o co u p les, two in  th e
main oven and two fa s te n e d  w ith  t e f lo n  bands to  th e  s id e  arm ,
were u sed  to  m easure te m p e ra tu re s »
S in ce  an e x p e r im e n ta l run  l a s t e d  many h o u rs , i t  was n e c e s sa ry
to  keep  th e  te m p e ra tu re s  o f th e  ovens s t a b l e  over lo n g  p e r io d s
o f tim e* T h is  was e s p e c ia l l y  im p o r ta n t f o r  th e  s id e  oven s in c e
i t s  te m p e ra tu re  d e te rm in ed  th e  sodium  vapor p re s s u re  in  th e  c e l l .
The s t a b i l i s a t i o n  was accom plished  by means of a  u n i t  s im i la r  to
9th e  p ro p o r t io n a l  te m p e ra tu re  c o n t r o l l e r  d e sc r ib e d  by Chapman *
The c i r c u i t |  shown in  f ig u r e  3 , em ploys D103 th e rm is to r s  a s  temp­
e r a tu r e  s e n s in g  e lem en ts  whose r e s i s t a n c e  f a l l s  a s  t h e i r  tem pera­
tu r e  i s  r a i s e d .  As th e  th e rm is to r  r e s i s ta n c e  v a r i e s ,  th e  v o lta g e  
drop a c ro s s  i t  a l s o  v a r ie s  and th e s e  v o lta g e  changes a re  a p p l ie d  
to  th e  base  o f a  grounded e m i t te r  a m p l i f ie r .  The ou t—of—phase 
a m p lif ie d  s ig n a l  i s  th en  fe d  i n t o  a  c u r re n t  g a in  s ta g e  o f th re e  
cascad ed  e m i t te r  fo l lo w e r s .  Thus th e r e  i s  a  c o rre sp o n d in g ly  
la rg e  change in  th e  c u r r e n t  f lo w in g  th ro u g h  th e  h e a te r s .  The 
c i r c u i t  was d e sig n ed  to  have a  maximum c o n t r o l le d  o u tp u t o f  120 
w a tts  f o r  th e  main oven h e a te r  and 50 w a tts  fo r  th e  s id e  oven 
h e a te r .  To av o id  th e rm a l d r i f t  i n  the  c o n tr o l  c i r c u i t ,  a l l  
t r a n s i s t o r s  were mounted on a  w a te r-c o o le d  h e a t s in k .  I t  was 
found t h a t ,  even over v e ry  lo n g  p e r io d s  o f tim e , the  s id e  oven 
te m p e ra tu re  rem ained  c o n s ta n t  w ith in ± .2 °C and th e  main ovon 
w ith in  t 1  °C* The d if f e r e n c e  in  th e  deg ree  o f  te m p e ra tu re  c o n t r o l  
a ro s e  because  th e re  was b e t t e r  th e rm a l c o u p lin g  between th e
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th e rm is to r  and h e a t in g  e lem en t in  th e  s id e  oven th an  in  th e  main 
oven. In  th e  s id e  oven, th e  th e rm is to r  was mounted d i r e c t l y  on 
th e  in s id e  b ra s s  c y l in d e r  a round  which th e  h e a te r  was wound w h ile  
in  th e  main oven a  1 /2  in c h  th ic k  p ie c e  o f t r a n s i t s  s e p a ra te d  
th e  th e rm is to r  from th e  h e a te r  w in d in g s .
( i i i )  The Vacuum System
The vacuum sy stem , whose purpose was to  e v ac u a te  th e  f lu o r ­
escen ce  c e l l  o f  a l l  g a se s  o th e r  th an  th e  sodium v a p o r, was con­
s t r u c t e d  o f p y re s  g l a s s .  The system  was ev acu a ted  by an Edwards 
EG2 d i f f u s io n  pump f i l l e d  w ith  Bow-Corning 7<A s i l i c o n e  o i l  and 
backed by an Edwards ES35 r o t a r y  pump. D uring a l l  th e  experim en­
t a l  r u n s ,  th e  c e l l  was c o n tin u o u s ly  pumped and a  vacuum o f b e t t e r  
th an  1CT7 t o r r ,  a s  m easured w ith  a  CVC io n iz a t io n  gauge ( ty p e  GIG 
110-B ), was m a in ta in e d .
( i v )  The K err C e l l  and F a ls e r
The v e ry  s h o r t  o p t i c a l  p u ls e s  f o r  e x c i t in g  th e  sodium  atom s 
were p roduced u s in g  a  K err c e l l  a s  a  h ig h -sp e ed  s h u t t e r .  A h ig h  
v o lta g e  puls® g e n e ra to r  ( E le c t r o  O p tic a l  ILM 70) which was t r i g g ­
e re d  by an a u x i l i a r y  p u ls e  g e n e ra to r  (V ic tn . PPG—1) s u p p lie d  th e  
h ig h  v o lta g e  p u ls e  which opened th e  K err c e l l .  T h is  p u lse  was 
s u i t a b l y  shaped  by a  p u ls e - fo rm in g  -network lo c a te d  w ith in  th e  
K err c e l l  m ounting b a se .
An E le c t r o  O p tic a l ,  Model K80/150D K err c e l l  f i l l e d  w ith  
n itro b e n z e n e  was u sed  in  t h i s  in v e s t i g a t i o n .  I t  was mounted be­
tween c ro s se d  p o la ro id s  whose ax es  o f  p o la r i z a t io n  were o r ie n te d  
a t  k5° to  th e  e l e c t r o s t a t i c  f i e l d  betw een th e  p l a t e s .  When a
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h ig h  v o lta g e  jJUl Ge was a p p lie d  to  th e  p l a t e s ,  th e  n itro b e n z e n e  
became b i r e f r in g e n t  and th e  d i r e c t io n  o f th e  e l e c t r i c  v e c to r  o f 
th e  p la n e  p o la r iz e d  l i g h t  t r a v e r s in g  th e  c e l l  was r o ta te d  th ro u g h
th e  second  p o la r o id .  The t r a n s m is s io n  o f th e  K err c e l l  i s  g iven
10by th e  fo llo w in g  e x p re s s io n .
where V i s  th e  a c tu a l  a p p l ie d  v o lta g e  between th e  p l a t e s  and VQ 
i s  th e  s o - c a l le d  h a lf-w av e  r e t a r d a t i o n  v o lta g e  a t  which th e  
e l e c t r i c  v e c to r  o f  th e  l i g h t  t r a v e r s in g  th e  c e l l  i s  r o t a t e d  by 
90*. At 5500 A, VQ f o r  th e  K80/150B c e l l  e q u a ls  55 kV. TQ i s  
th e  tra n s m is s io n  o f th e  p o la ro ld s  when t h e i r  o p t i c a l  ax es  a re  
p a r a l l e l .
The s a in  sw itc h in g  e lem en t in  th e  p u ls e r  u n i t  was a  s p e c i a l l y  
aged 6587—50 t h y r a t r o n .  fh e  r i s e  tim e and , c o n se q u e n tly , th e  
h a l f  w id th  o f  th e  h ig h  v o lta g e  p u ls e  d e l iv e re d  to  th e  K err c e l l  
depended c r i t i c a l l y  on th e  hydrogen p re s s u re  i n  th e  th y r a t r o n ,  
which c o u ld  be a d ju s te d .  She p u ls e r  was t r ig g e r e d  w ith  a  V ic tn . 
PPG—I p u ls e  g e n e ra to r  which was o p e ra te d  a t  a r e p e t i t i o n  r a t e  o f 
60 p p s . She h ig h  v o lta g e  p u lse  from  th e  p u ls e r  was shaped  in to  
a  p u lse  o f  10 nsec  h a l f  w id th  by a  p u lse - fo rm in g  netw ork  u t i l i s i n g  
a  c l ip p in g  c a b le  in  th e  m ounting base  o f  th e  K err c e l l .  1 /600  
o f t h i s  p u lse  was tap p ed  o f f  by means o f a  v o lta g e  d iv id e r  in  
th e  p u ls e —form ing  n e tw o rk , to  s e rv e  a s  a  r s f e r e n c e  p u ls e .
V ario u s  ty p e s  o f p o la r o id ,  a s  l i s t e d  in  t a b le  111 , wore used 
to  o b ta in  s u i t a b le  i n t e n s i t i e s  o f  f lu o r e s c e n t  l i g h t .  Gian a i r  
sp ace  p rism s were a l s o  t r i e d  b u t th e y  wero on ly  s l i g h t l y  b e t t e r
an a n g le  o f  ab o u t 9 0 ° , th u s  p e rm it t in g  th e  l i g h t  to  p a ss  th ro u g h
* ( 8 )
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th an  th e  p o la ro id  in  e x t in c t io n  r a t i o ,  r e q u ir e d  p a r a l l e l  l i g h t  
and r e s t r i c t e d  th e  a p e r tu re  o f  th e  K err c e l l .  The e x t in c t io n  
r a t i o s  o f a l l  th r e e  p o la ro id s  were m easured u s in g  p a r a l l e l  l i g h t  
and were found to  be o f  th e  c o r r e c t  o rd e r  o f  m agn itude .
D uring  a c tu a l  e x p e r im e n ts , th e  K err c e l l  was p u lse d  a t  l e s s  
th an  55 kV to  p ro lo n g  th e  u s e f u l  l i f e  o f th e  th y ra t ro n  in  th e  
p u ls e r  u n i t .  C o n seq u en tly , th e  r a t i o  betw een th e  open and c lo s e d  
t ra n s m is s io n s  o f  th e  K err c e l l  was d e c re a se d  much below  th e  expect-* 
ed v a lu e s  which sh o u ld  be l im i t e d  on ly  by th e  e x t in c t io n  r a t i o  of 
th e  ax sp ro p ria te  p o la r o id .
S in ce  th e  K err c e l l  and p u ls e r  u n i t  g e n e ra te d  a  g r e a t  d e a l 
o f  e l e c t r i c a l  n o is e  w hich a f f e c t e d  th e  p u ls e  sh ap in g  c i r c u i t s ,  
c a r e f u l  s h ie ld in g  was n e c e s s a ry ,  k ground p lan e  c o n s i s t in g  o f a  
s h e e t  o f  1/16  in c h  aluminum p la t©  was p la c e d  u n d er th e  equipm ent 
and a l l  c i r c u i t s  w ere co n n ec ted  to  t h i s  p la n e . I n d iv id u a l  c i r c u i t s  
w hich were s u s c e p t ib le  to  n o is e ,  were en cased  in  aluminum boxes 
t i g h t l y  screw ed down on th e  ground p la n e  and a l l  c a b le s  were 
doubly  s h ie ld e d  w ith  aluminum f o i l .  Both th e  K err c e l l  and  th e  
11M 70 p u ls e r  u n i t  w ith  i t s  V ic tn . PPG—} t r i g g e r  were co m p le te ly
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e n c lo se d  in  a  cage o f e x tru d e d  s t e e l  mesh. The m ains le a d s  were
p ro v id e d  w ith  a  sup i> ressor c i r c u i t  such  a s  th a t  shown in  f ig u r e
k t which i s  d e s ig n e d  to  c u t  o u t n o is e  w ith  f r e q u e n c ie s  g r e a te r  
th a n  1 m e/sec* T h is  s h ie ld in g  e f f e c t i v e l y  reduced  e l e c t r i c a l  
n o is e  to  a  l e v e l  where i t  c o u ld  he d is re g a r d e d .
(v )  The P u lse  S hap ing  C i r c u i t s
The K err c e l l  r e fe re n c e  p u ls e  was shaped  in to  a  r e c ta n g u la r  
p u ls e  by means o f th e  c i r c u i t  shown in  f ig u r e  5* The r e f e re n c e  
p u ls e ,  a f t e r  b e in g  s u i t a b ly  a t te n u a te d  by a  v o lta g e  d iv id e r ,  was 
a p p lie d  to  th e  base  o f  which a c te d  a s  an i n v e r t e r  s t a g e .  The 
s m a ll p o s i t iv e  iru lsa  a p p e a rin g  a t  th e  c o l l e c to r  o f  was shaped 
by an EC netw ork  to  a  le n g th  o f  abou t 100 nsec  and was d i r e c te d  
to  th e  base  o f  Q^. Q2 , and c o n s t i t u t e  th e  r e c ta n g u la r
p u ls e  fo rm ing  s t a g e .  In  th e  q u ie sc e n t s t a t e ,  Qg and a re  con­
d u c tin g  and i i j  and a r e  b ia s e d  o f f .  The sm a ll p o s i t iv e  p u lse  
a t  th e  base o f Q2 cau ses  i t  t o  conduct h e a v ily  and to  g e n e ra te  a  
s h a rp ly  f a l l i n g  n e g a tiv e  p u ls e  a t  th e  c o l l e c to r  o f Q2 » th u s  c u t­
t in g  o f f  D.,* The v o lta g e  a t  th e  c o l l e c to r  o f r i s e s  u n t i l  i t  
i s  clam ped a t  a b o u t 2 .5  v o l t s  by As th e  n e g a tiv e  p u ls e  a t
th e  c o l l e c t o r  o f ^i©8 away, becomes c o n d u c tin g , i t s  c o l­
l e c t o r  v o lta g e  f a l l s  and t h i s  a c t io n  i s  enhanced a s  becomes 
c o n d u c tin g . The r e c ta n g u la r  p u ls e ,  a p p ro x im a te ly  2 v o l t s  in  
a m p litu d e , a p p ea rs  a t  th e  base  o f  th e  e m i t te r  fo llo w e r  Q^» A f te r  
b e in g  a t te n u a te d  to  a p p ro x im a te ly  1*^ v o l t s ,  th e  r e c ta n g u la r  p u lse  
i s  p assed  th ro u g h  a  30 n sec  d e la y  l i n e  made o f SG62 A/U c a b le  and 
i s  th en  a p p l ie d  to  one in p u t  o f th e  tim e—to -p u ls e —h e ig h t  co n v e rt­
e r .
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S in ce  th e  tim e o v e rla p  o f two r e c ta n g u la r  p u ls e s  i s  aear* 
s u re d  by th e  tim e—to —p u lse—he ig h t  c o n v e r te r ,  i t  i s  n e c e s sa ry  
f o r  a cc u ra cy  of m easurem ent t h a t  th e  f i r s t  p u lse  in  tim e , t h a t  
o f  th e  K err c e l l ,  be o f  o v e r a l l  c o n s ta n t  le n g th .  A lso , th e re  
sh o u ld  be l i t t l e  o r  no f l u c tu a t io n  w ith  tim e , j i t t e r ,  on th e  
back edge o f t h i s  p u ls e .  By s im u lta n e o u s ly  a d ju s t in g  b o th  th e  
+25 V and —25 V s u p p l ie s ,  i t  was p o s s ib le  to  o b ta in  from  th e  
K err c e l l  p u ls e  sh ap in g  c i r c u i t  a  100 nsec  r e c ta n g u la r  p u ls e  
w ith  l e s s  th an  1 n sec  j i t t e r  on i t s  back edge.
The n e g a tiv e  v o lta g e  p u ls e s  le a v in g  th e  p h o to m u lt ip l ie r  
ano d e, w hich had a  t y p i c a l  am p litu d e  o f .4  v o l t s  and a  r i s e  tim e 
o f 2 n s e c ,  were shaped  in to  r e c ta n g u la r  $u ls a s  u s in g  th e  c i r c u i t  
shown in  f ig u r e  6 . The p u ls e  sh a p in g  c i r c u i t  o p e ra te s  a s  fo l lo w s . 
A f te r  b e in g  shaped  by an SC n e tw o rk , th e  anode p u ls e s  a re  a p p lie d  
to  an a m p l i f ie r  s e c t io n  c o n s i s t in g  o f t r a n s i s t o r s  and 
th e  q u ie s c e n t  s t a t e ,  i s  j u s t  b ia se d  o f f  w ith  i t s  base  s l i g h t l y  
p o s i t i v e .  The n e g a tiv e  anode p u ls e s  cause  to  co nduct and 
p o s i t iv e  p u ls e s ,  t y p i c a l ly  a b o u t 2 v o l t s  in  am p litu d e  and w ith  
a  f a l l  tim e o f  100 n s e c , ap p ea r a t  i t s  c o l l e c t o r .  The p o s i t iv e  
p u ls e s  from  th e  e m i t te r  fo llo w e r  a r e  shaped  i n t o  r e c ta n g u la r  
p u ls e s  by Q t and D^t a s  in  th e  p re v io u s  c i r c u i t .  The
o u tp u t o f t h i s  c i r c u i t  c o n s i s t s  o f  a  p u s h -p u ll  s ta g e  w hich com­
p r i s e s  an HIN—RIP p a i r  and Q g). The p o s i t iv e  p u lse  a p p e a rin g  
a t  th e  ju n c tio n  o f  th e  two b a se s  cau ses  th e  co n d u c tio n  o f  Q,- to
d e c re a se  and  th a t  o f  Qg to  in c r e a s e |  th e  r e c ta n g u la r  p u ls e  o u t­
p u t i s  ta k en  o f f  th e  ju n c t io n  o f th e  two e m i t t e r s .
A lthough  most o f th e  p h o to m u lt ip l ie r  p u ls e s  were shaped  i n to
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r e c ta n g u la r  p u ls e s  of c o n s ta n t  le n g th  a s  a  r e s u l t  o f s a tu r a t i o n  
in  th e  i n i t i a l  a m p l i f ie r  s e c t io n ,  th e re  were many s n a i l  p u ls e s  
w hich were n o t shaped c o r r e c t l y .  To d is c r im in a te  a g a in s t  th e  
l a t t e r ,  a  sam ple p u ls e  was ta k en  from  th e  p e n u ltim a te  dynode w hich , 
i f  la r g e  enough a f t e r  b e in g  shaped  and a m p l i f ie d , was u sed  to  
g a te  th e  k i c k s o r t e r .
The sam ple p u ls e s  were shaped  w ith  th e  c i r c u i t  shown in  
f ig u r e  ?* T y p ic a l ly , th e y  had an am p litu d e  o f +2 v o l t s ,  a  r i s e  
tim e o f k  n sec  and an BC t a i l .  A f te r  b e in g  in v e r te d  by th e  f i r s t  
s ta g e ,  th ey  were d i r e c te d  to  an a m p l i f ie r  s im i la r  to  th e  i n i t i a l  
a m p l i f ie r  s e c t io n  in  f ig u r e  6 . Tho o u tp u t from th e  e m i t te r  f o l ­
low er c o n s is te d  o f a spectrum  of p u lso s  o f up to  10 V in  am­
p l i t u d e ,  w ith  a  r i s e  tim e o f .5  se c  and a  f a l l  t i n e  o f ab o u t 3 
s e c .  T h is  p u lse  shape was chosen  to  f i t  th e  in p u t s p e c i f i c a t i o n s  
o f  th e  s in g le  ch an n e l a n a ly z e r  in  th e  k i c k s o r t e r .
( v i )  The Time—to ~ ? u ls e —H eigh t C o n v erte r
In  o rd e r  to  m easuro th e  tim e i n t e r v a l  betw een e x c i t a t i o n  and 
d ecay , i t  was n e c e s sa ry  to  d e te rm in e  th e  tim e d e la y  betw een th e  
r e f e r e n c e  p u ls e  from  th e  K err c e l l  and th e  appearance  o f  a  v o lta g e  
p u ls e  a t  th e  p h o to m u lt ip l ie r  an o d e . T h is  was accom plished  u s in g  
a  tim e—tc r* p u lse -h e ig h t c o n v e r te r  which produced a  p u ls e  o f  h e ig h t  
p ro p o r t io n a l  to  th e  tim e o v e rla p  betw een th e  r e c ta n g u la r  p u ls e s .
The c i r c u i t  o f th e  tim e- to - p u l s e - h e ig h t  c o n v e r te r  i s  shown 
in  f ig u r e  8 ,  ^  a c t s  a s  a  c o n s ta n t c u r r e n t  so u rce  d e l iv e r in g
ab o u t 6 mA to  P . and D„ w hich a r e  in  p a r a l l e l .  The r e c ta n g u la r\ C*
p u ls e s  a r e  a p p l ie d  to  th e  ju n c t io n s  o f  th e  100 ohm r e s i s t o r s  and
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th e  two f a s t  d io d es  which have e q u a l r e s i s t a n c e .  In  th e  q u ie s c e n t
s t a t e ,  a  c u r r e n t  o f abou t 3 &A flow s th ro u g h  each  o f th e  d io d es
and Qg i s  b ia se d  o f f  by th e  ?K p o te n tio m e te r  to  s e t  th e  p o t e n t i a l
a t  th e  anodes o f th e  d io d es  a t  ab o u t 1 v o l t .  When two r e c ta n g u la r
p u ls e s  o f a m p litu d e s  g r e a te r  th an  1 v o l t  a r r iv e  in  c o in c id en c e  a t  
th e  two in p u t s ,  th e  d io d es  a re  c u t o f f ,  th e  e m i t te r  p o t e n t i a l  o f 
Qg r i s e s  above th a t  o f i t s  base and c o n d u c ts . I f  on ly  one puls© 
a r r iv e s  a t  one o f  th e  in p u t s ,  o n ly  one d iode  I s  b ia se d  o f f  and 
c oA flow  th ro u g h  th e  o th e r  d io d e . The c u r r e n t  f lo w in g  th ro u g h  
q d u r in g  th e  o v e rla p  tim e o f th e  two r e c ta n g u la r  p u ls e s  c h a rg es  
th e  75 p f  c a p a c i to r  l i n e a r l y  th ro u g h  th e  1X r e s i s t o r  fo rm ing  a  
ra i.p  p u ls e . F u r th e r  BC—sh ap in g  o f th e  f a l l  t in e  ta k e s  p la c e  w ith  
th e  73 p f  c a p a c i to r  in  c o n ju n c tio n  w ith  th e  22K and 8*2K r e s i s t o r s  
b e fo re  th e  p u ls e  i s  a p p l ie d  to  th e  base o f  the  e m i t te r  fo llo w e r  
Qy The r i s e  tim e i s  th en  shaped by th e  200 p f  and th e  2.2K 
ne tw o rk . The o u tp u t s ta g e  o f th e  c i r c u i t  i s  th e  e m i t te r  fo llo w e r  
The 5K p o te n tio m e te r  on th e  +25 V l i n e  i s  a d ju s te d  to  y ie ld  
a  maximum o u tp u t p u ls e  a t
( v i l )  The K ic k s o r te r
The sp ec tru m  o f p u ls e s  coming f r o n  th e  tim e—to - p u ls e —h e ig h t 
c o n v e r te r  was fe d  i n to  a  V ic tn . PIP kOO k i c k s o r te r  w hich vras 
o p e ra te d  a s  a  1 0 0 -ch an n el puls® h e ig h t  a n a ly s e r .  The p u ls e s  fro®  
th e  p e n u ltim a te  dyaodo were d i r e c te d  to  th e  s in g le  ch an n e l a n a ly se r#  
T h is  s e c t io n  o f th e  PIP 4-00 a n a ly z e d  th e  Incom ing p u ls e s  a c c o rd in g  
to  t h e i r  a m p litu d e s  and c o u ld  be s e t  by means o f con titouously  
v a r ia b le  h ig h  and low d is c r im in a to r s  to  g iv e  an o u tp u t f o r  on ly  a
{ 4 9 0 5 1
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c e r t a i n  ran g e  o f in p u t  p u lse  a m p litu d e s , The o u tp u t o f  th e  
s in g le  ch an n e l a n a ly z e r  was th en  used  to  g a te  th e  k i c k s o r t e r ,  so  
t h a t  th e  k ic k s o r t e r  would on ly  a c c e p t a  p u ls e  from  th e  tim e—t<r* 
p u ls e —h e ig h t  c o n v e r te r  i f  th e  sam ple p u ls e  from th e  p e n u ltim a te  
dynode was w ith in  a  s p e c i f ie d  am p litu d e  ra n g e , The sp ec tru m  of 
p u ls e s  from  th e  tim e—to -p u ls e —h e ig h t c o n v e r te r  co u ld  he d is p la y e d  
on th e  PIP 400 5 in c h  C athode Bay Tube or re a d  ou t w ith  a  s p e c ia l ly  
m o d if ied  T e le ty p e  u n i t  which was cap ab le  o f  b o th  p r in t i n g  th e  
r e s u l t s  and punch ing  them on p ap e r ta p e  i n  ASC I I  co d e ,
B« E x p erim en ta l P rocedu re
B efore each  e x p e r im e n ta l ru n , th e  a p p a ra tu s  had to  be c a l i ­
b ra te d  w ith  r e s p e c t  to  tim e . T h is  was n e c e s sa ry  s in c e  th e  o p e r­
a t i n g  c h a r a c t e r i s t i c s  o f  th e  th y r a t r o n  in  th e  p u ls e r  v a r ie d  over 
a  p e r io d  o f tim e , a f f e c t i n g  th e  shape and am p litu d e  o f th e  r e f e r ­
ence p u ls e  from  th e  K err c e l l*  T h is  in  tu rn  a f f e c te d  th e  le n g th  
o f  th e  r e c ta n g u la r  p u ls e  from th e  p u lse  sh ap in g  c i r c u i t .  The 
c a l i b r a t i o n  was done u s in g  d e la y  l i n e s  o f  v a r io u s  le n g th s  ( 5 ,  10, 
2 0 , and 40 n se c )  made o f RGo2 A/U c a b le . These d e la y  l i n e s  were 
th em se lv e s  c a l i b r a t e d  u s in g  a  v a r ia b le  d e la y  l i n e  and were found 
to  b e , on th e  a v e ra g e , 0,3% lo n g e r  th an  th e  nom inal v a lu e s .  The 
e r r o r  in tro d u c e d  in  a tim e c a l i b r a t i o n  by v a r io u s  co m b in a tio n s  
o f  th e s e  d e la y  l i n e s  c a u s in g  a  d e la y  s l i g h t l y  d i f f e r e n t  th en  th e  
nom inal v a lu e ,  was e s tim a te d  to  be ab o u t 1,4%,
To c a l i b r a t e  th e  a p p a r a tu s ,  a  so u rc e  o f  w h ite  l i g h t  was 
in s e r t e d  in  p la c e  o f th e  sodium  s p e c t r a l  lamp and a  sp ec tru m  
g iv in g  th e  i n t e n s i t y  o f  th e  l i g h t  p assed  by th e  K err c e l l  a s  a
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fu n c tio n  o f tim e was accum ulated  in  th e  k ic k s o r te r *  S k is  spec trum  
was th en  s h i f t e d  by i n s e r t i n g  v a r io u s  d e la y  l i n e s  and t h e i r  
co m b in a tio n s  in  one in p u t  o f  th e  t in e —to —p u ls  e—h e ig h t  c o n v e r te r .
The system  was c a l i b r a t e d  by p l o t t i n g  th e  c e n tre  o f  th e  h a l f  h e ig h t  
p o in ts  o f  th e  r e s u l t i n g  s j ie c tr a  a g a in s t  th e  known v a lu e  o f th e  
d e lay  in tro d u c e d . The "gain" and "slope  in te rc e p t^  o f th e  k ic k s o r te r  
were s e t  s o  t h a t  th e  tim e sp re a d  a c ro s s  th e  100 c h an n e ls  was a b o u t 
100 n s e c .  A f te r  each  e x p e r im e n ta l ru n , a  few 'p o in ts  on th e  c a l­
i b r a t i o n  cu rve  were checked* I t  was e s tim a te d  from  th e  s c a t t e r  
o f p o in ts  on th e  c a l i b r a t i o n  cu rve  t h a t  t h i s  method o f tim e c a l­
i b r a t i o n  was a c c u ra te  to  b e t t e r  th an  2%,
She background a r i s i n g  from l i g h t  le a k in g  th ro u g h  th e  c ro s se d  
p o la ro id s  and from th e  sm a ll d a rk  c u r r e n t  was d e te rm in ed  a s  fo l lo w s . 
The random c o in c id e n c e  r a t e  from  th e  tim e—to —p u lse —h e ig h t c o n v e r te r  
was m easured f o r  v a r io u s  v a lu e s  o f th e  p h o to m u lt ip l ie r  DC c u r r e n t .
By m easu ring  th e  p h o to m u lt ip l ie r  DC c u r r e n t  b e fo re  and a f t e r  an 
e x p e r im e n ta l ru n , th e  background c o u ld  be c a lc u la te d .  The DC c u r­
r e n t  was a d ju s te d  a t  th e  b eg in n in g  o f an e x p e r im e n ta l ru n  by th e  
ch o ice  o f s u i t a b le  p o la ro id s  and by v a ry in g  th e  o p e ra t in g  c u r r e n t  
in  th e  sodium  s p e c t r a l  lam p. By t h i s  means, th e  coun t r a t e  o f 
f lu o r e s c e n t  p u ls e s  was s e t  a t  l e s s  th an  6 pps mi n im is in g  th e  pos­
s i b i l i t y  o f  p u lse  " p i l e —up** w h ile  a t  th e  same tim e k eep in g  th e  
coun t r a t e  s i g n i f i c a n t l y  h ig h e r  th an  th e  background coun t r a t e .
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IV . RESULTS MB  PISCUSSICK
F ig u re  $ i l l u s t r a t e s  a f lu o r e s c e n t  p u lse  spec trum  o f ab o u t
5
10 c o u n ts  accum ulated  over s e v e r a l  h o u rs .  The i n i t i a l  peak 
r e j j r e s e n ts  th e  prom pt sp ec tru m  due to  th e  o p t ic a l  p u ls e  produced 
by th e  K err c e l l .  The a l i g h t  i r r e g u l a r i t i e s  in  th e  cu rv e  a re  
cau sed  m ain ly  by im p e rfe c tio n s  i n  th e  r e c ta n g u la r  p u ls e  o f  th e  
K err c e l l ,  a lth o u g h  th e r e  i e  som  s t a t i s t i c a l  s c a t t e r  a s  w e ll .
The background in  t h i s  c a se  amounted to  21 c o u n ts /c h a n n e l .  A f te r  
th e  background was s u b t r a c te d ,  th e  r e s u l t s  were s u b je c te d  to  a  
l e a s t  sq u a re s  a n a ly s i s  on an Iffl-i 1620 com puter, w hich y ie ld e d  
& v a lu e  o f 2T . The p ro b a b le  e r r o r  to  be ex p ec ted  from  th e  s t a t i s ­
t i c a l  s c a t t e r  was a l s o  computed a t  th e  same tim e . To de te rm in e  
what e r r o r  m igh t be in tro d u c e d  by changes in  th e  v a lu e  o f th e
*4* ,.s u b t r a c te d  background (w hich  co u ld  be de term in ed  to  w ith in  — % ) ,  
th e  r e s u l t s  were a g a in  a n a ly se d  w ith  v a ry in g  v a lu e s  o f th e  b ack - 
g round . The e r r o r  in  i  from  t h i s  so u rc e  was in  a l l  c a se s  l e s s  
th an  The e x p o n e n tia l  n a tu re  o f  th e  decay curve i n  f ig u r e  9
i s  c l e a r l y  i l l u s t r a t e d  by th e  s e o i—lo g a r i t h a i c  p l o t  in  f ig u r e  10 .
Even though th e  f lu o r e s c e n t  p u ls e  r a t e !  was k e p t low , th e re  
was s t i l l  a  p r o b a b i l i t y ,  o f th e  o rd e r  o f . 1 ,  t h a t  two f lu o r e s c e n t  
pho tons r e s u l t i n g  from  one e x c i t in g  xmlse woirld a r r i v e  a t  th e  
p h o to c a th o d e . Such puls© " p i l e —up” would have th e  r e s u l t  t h a t  
o n ly  th e  f i r s t  photon  would be r e g i s t e r e d  by th e  tim e m easuring  
system  and so  th e  l i f e t im e s  o f s h o r te r —liv e d  atom s would be
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observ ed  p r e f e r e n t i a l l y .  Thus th e  m easured v a lu e  of th e  a p p a re n t
I x f e tm e  o would be to o  s h o r t .  C o r re c tio n s  were made f o r  t h i s
e f f e c t  and th e  d e t a i l s  o f th e  c a lc u la t io n  a re  g iven  in  Appendix
1» At low vapor p re s s u re s  where X  t h i s  c o r r e c t io n  was
n e g l ig ib le  b u t a t  h ig h e r  p r e s s u r e s  where X  , th e  c o r r e c t io n
was a s  la rg e  a s  20$. These c o r r e c t io n s  a p p l ie d  to  th e  v a lu e s  o f
X* a g re e  f a i r l y  c lo s e ly  w ith  th o se  c a lc u la te d  from an approximate
2fo rm u la  g iv en  by S ennet:
( & ) *  &  (9 )
where X i s  th e  r e p e t i t i o n  freq u en cy  o f th e  p h o to e le c tro n  p u ls e s  
a t  th e  s t a r t  o f th e  e x p o n e n tia l  d ecay .
The c o r r e c te d  v a lu e s  o f  't, f o r  th e  p re s s u re  ran g e  o f 10*"^ to  
10 t o r r  a re  l i s t e d  in  t a b le  2 . S in c e  th e  o s c i l l a t o r  s t r e n g th
f o r  th e  32S ^ /2 '* "-^* 3 /2  t r a n 3 i t io n  tw ice  th a t  f o r  th e  3 ^ S -j/2 ^ ^ ^ ^ 1 /2  
t r a n s i t i o n ,  th e  p r o b a b i l i ty  f o r  im prisonm ent o f th e  5890 X radiar*
■v /- 0t i o n  i s  tw ice  a s  g ro a t  a s  i t  i s  f o r  th e  5o96 A com ponent. Thus
th e  observ ed  decay a c tu a l ly  c o n s i s t s  of two e x p o n e n tia ls  and th e
a p p a re n t l i f e t im e  b  i s  a  co m bina tion  o f c (1 /2 )  and i  ( 3 / 2 ) .
I t  was n o t p o s s ib le  to  s e p a ra te  th e  e x p o n e n tia ls  s in c e  a t  vapor
—7
p re s s u re s  o f  th e  o rd e r  o f  10 t o r r ,  th e  two l i f e t i m e s  a re  v e ry
n e a r ly  e q u a l and a t  h ig h e r  vapor p r e s s u r e s  th e  l i f e t im e  i s  so
lo n g  t h a t  o n ly  a  sm a ll p o r t io n  o f th e  decay curve co u ld  be o b serv ed .
F ig u re  11 shows th e  v a r i a t io n  o f th e  a p p a re n t l i f e t im e  X '
3w ith  sodium  vapor p r e s s u r e .  The K iln e  ( s o l id  l i n e )  and H o ls te in
(b roken  l i n e )  th e o r ie s  were f i t t e d  a t  th e  e n c i r c le d  p o in t  u s in g
2
th e  v a lu e  o f  1 6 .6  n sec  f o r  th e  l i f e t im e  o f th e  3 P s t a t e s .  To 
compare th e  e x p e r im e n ta l r e s u l t s  w ith  th e  p r e d ic t io n s  o f th e
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SABLE 2
7-' 2V a lu e s  o f  th e  A p p a ren t L ife t im e  0 o f  th e  Sodium 3 P S t a t e s
—.7 Jlj.
i n  th e  P re s s u re  Range o f  10 t o  10 T o rr
11a Vapor 
P re s s u re  
( t o r r )
V
(n s e c )
Ha V apor 
P r e s s u r e  
( t o r r )
r
( a s e c )
1 . 3x 10*"7 16 .6*0 .4 1,Gx10""5 2 5 .3 * 0 ,6
1 o x 10~7 1 6 .9 * 0 .4 1 . 0x 10” 5 2 4 .3 * 0 .8
2 #Qx10~7 1 6 .3 * 0 .4 1 . 0x 1 O’*5 2 6 . 8*0 .7
2 . 8x 10“ 7 1 6 .6 * 0 ,4 1 ,4 x 1  O'"5 2 7 . 1* 1 .1
2 . 9x 10“ 7 1 7 .0 * 0 .4 1 . 8x 1c "*5 3 0 .7 * 0 ,9
3 . 2x 10  f 16 .4*0 .7 2 . 6x10**"5 3 7 .6 * 0 .9
4 .9 x 1 0 "*7 16 . 9*0 ,6 3 . 2x 10~5 4 3 .4 * 1 .2
9.0X10" 7 1 3 . 8* 0 .6 4 .0 x 1 0  J 4 9 .9 * 5 .0
2 .? x 10~ ^ 1 9 .7 * 0 ,3 5 .3 x 1 0*"5 7 6 .9 * 2 .5
3 . 8X10” 6 1 9 .6 * 0 .5 8 . 0x 10*"5 1 1 6 .2 * 4 .5
4 ,  Sarto"*6 2 0 , 1* 0 ,7 8.8x1G ~5 1 4 6 .5 * 1 0 ,3
? . 6x 10w3 2 4 ,7 * 1 .2 9 .4 x 1  c^ 5 1 4 7 .5 * 8 .1
1 . 1x 10* ^ 2 0 1 .0 * 4 0 .2
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3 ^
th e o r ie s  i t  was assum ed th a t  th e  two t r a n s i t io n s * 5 ^ s «|/2, "”' ^ I>1 /2  
2 2
and 3 S ^ / ^ —3 *3/2  * mice eciu a l  c o n t r ib u t io n s  to  th e  observed
r i ys/ /
was p lo t t e d  a s  th e  a r i th m e t ic  m a n  o f 6 ( 1 /2 )
and X ( 3/ 2 ) a s  c a lc u la te d  from E qs. ( 3 ) and (4 )  o f  th e  Milne**
kth e o ry  and Sqs» ( 6 ) and (7 )  o f th e  H o ls te in  th e o ry . The oper­
a t io n  o f f i t t i n g  th e  th e o r ie s  to  th e  ex perim en t:-! r e s u l t s  le d  to  
v a lu e s  $  1 th e  th ic k n e s s  o f  th e  s la b  o f f lu o r e s c in g  v ap o r. J l f o r  
th e  M ilne th e o ry  was 2 mn and f o r  th e  H o ls te in  th e o ry  was 8 mm. 
Both th o se  v a lu e s  a re  re a so n a b le  s in c e  th e  experi.M ent.al a rra n g e ­
ment on ly  app rox im ated  th e  id e a l i s e d  p la n e  p a r a l l e l  geom etry o f 
th e  th e o ry ,  These r e s u l t s  a re  a l s o  c o n s is te n t  w ith  th e  o b se rv a ­
t io n  th a t  sm a ll changes in  th e  p o s i t io n  o f  th e  e x c i t in g  beam in  
th e  c e l l  d id  n o t a f f e c t  th e  observed  v a lu e s  o f X* w ith in  e x p e r i­
m en ta l e r r o r .  I t  i s  e v id e n t  t h a t  M iln e 's  th e o ry  a g re e s  w e ll 
w ith  th e  e x p e r im e n ta l v a lu e s  over th e  whole e x p e r im e n ta l range
o f vapor p re s s u re s  w h ile  H o ls t e in 's  th e o ry  a p p l ie s  on ly  a t  p re e -
—5
s u re s  g r e a te r  th an  10 ^ t o r r  where r a d i a t i o n  im prisonm ent becomes 
s i g n i f i c a n t .  H eron, H cW hirter and R oderick  found good agreem ent 
w ith  H o ls te in ’s  th e o ry  in  t h e i r  ex p erim en ts  on he lium  a t  r e l a t i v e ­
ly  h ig h  vapor p r e s s u r e s .
She o n s e t o f  r a d ia t io n  im prisonm ent depends r a d i c a l l y  on th e
g o o n e try  o f  th e  f lu o re s c e n c e  c e l l .  In  t h i s  in v e s t ig a t i o n ,  r a d ia —
—6 —6t io n  t r a p p in g  ap p eared  a round  10 t o r r .  At p re s s u re s  below 10
t o r r ,  X 1 ap p ro ach es  X  , th e  l i f e t im e  o f th e  s t a t e s .  & 
w eigh ted  av e rag e  o f th e  v a lu e s  o f X a t  low p re s s u re s  u s in g  th e  
c a lc u la te d  e r r o r s  a s  w e ig h tin g  f a c t o r s ,  y ie ld e d  a  v a lu e  o f 
X  =16.6—0 .4  n s e c . T h is  v a lu e  i s  compared in  t a b le  3 w ith  v a lu e s
UNIVERSITY OF W INDSOR LIBRARY
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TABLE 3
2V alues o f th e  l i f e t im e  o f th e  3 P S ta te s  in  Sodium, 
from V ario u s Sources
. tv n sec i Method o f  D e te rm in a tio n
16,6*0«4 P re s e n t in v e s t ig a t io n
16»3*0.5 Hanle e f f e c t 12
1 5 .9 * 0 .1 5 13Phase s h i f t  f lu o ro ra e try
16. 1* 0.6 M agneto ro ta tion . a t  th e  edge o f an
14a b s o rp tio n  l in e
16,6 14-C a lc u la t io n  by th e  Bates-D am gaard method
16. 1* 0,3 15Phase s h i f t  f lu o ro m e try
found by o th e r  i n v e s t i g a t o r s .
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APr-BHDIX 1
THE CALCULATICK OF CORRECTIOHS FOR1 PILE-UP', TO THE OBSERVED
LIFETIME t ‘
i
When th e r e  i s  a  f i n i t e  p r o b a b i l i ty  t h a t  one e x c i t in g  l i g h t  
p u ls e  w i l l  y i e ld  more th an  one p h o to n , th e  v a lu e s  o f  th e  observ ed  
l i f e t im e  t '  w i l l  bo to o  s h o r t  s in c e  on ly  th e  f i r s t  photon i s  
reco rded*  The c o r r e c t io n  to  b© a p p l ie d  to  th e  observed  v a lu e s  
o f t  may be c a lc u la te d  a s  fo llo w s .
F o r s i m p l i c i t y ,  each  sequence o f  e v en ts  fo llo w in g  th e  open­
in g  o f th e  K err c e l l  s h u t t e r  w i l l  be d e s ig n a te d  a s  an e x p e rim en t. 
Those ex p erim en ts  w hich r e s u l t  i n  no pho tons b e in g  re c o rd e d  w i l l  
be ig n o re d . L et us c o n s id e r  an ex p erim en t in  w hich one pho ton  
i s  r e g i s t e r e d  d u rin g  th e  tim e i n t e r v a l  0 to  t  , where t  , th e13 ffl
maximum o b s e rv a tio n  tim e , i s  d e te rm in ed  by th e  le n g th  o f th e  r e c t ­
a n g u la r  p u ls e  o f th e  K err c e l l .  The p r o b a b i l i ty  t h a t  a  pho ton  w i l l
be o b serv ed  a t  tim e t  ( 0£ t£ t  ) i s  g iv en  by:m
P ( t ) »Aexp(“* t /£  } (1 0 )
z« i
where A, found from th e  n o rm a lis a t io n  c o n d itio n  JkexpC—t ' / ^ ) d t '= 1 ,
6
i s  g iv en  by
Ats 1 (1 1 )
I f ,  in  a n o th e r  e x p e rim en t, two p ho tons occur d u rin g  th e  t i n e  i n t e r ­
v a l  0 to  t  , th e  -p ro b a b il i ty ,  P „ ( t ) ,  t h a t  th e  f i r s t  uhoton i s  m d
observed  a t  tim e t ,  i s
? . , ( t ) = B exp(—t / 1 1) J e x p ( - %'/% )d t*
s f ^ x p ( —t / '£ l ) [exp(—i / ' t 1) — exp(—t / ' Z l )  ( 12)
and , s in c e  J P 2 ( t » ) d t •=1, B i s  g iv en  by
Bs  2 ,  (13 )
%' [h—exp(— 0j
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T his  argum ent say  he c o n tin u e d , and th e  g e n e ra l  e x p re s s io n  f o r
th e  p r o b a b i l i t y ,  P ( t ) ,  th a t  th e  f i r s t  photon i s  o b serv ed  a t
tim e t  when r  p h o to n s  occur in  th e  tim e i n t e r v a l  0 to  t  i sa
P . ( i ) s  r  e x p ( ~ t / £  ) ) — expC—t  / £ '  )J (1 4 )
%' CI-Qxpi-t^V )J
In  a  la rg e  number o f  e x p e r im e n ts , II, th e re  i s  a  ch an ce , a , ( s e t
by th e  c o u n tin g  r a t e  d u rin g  an e x p e r im e n ta l run),, t h a t  two photons
2
w i l l  occu r r a t h e r  th an  one, a  chance a  t h a t  th re e  p ho tons w i l l  
occur r a t h e r  th an  one, and so  on. Hence th e  chance o f  o b se rv in g  
a  photon  a t  tim e t  i s
p ( t ) =  2  y r ( t )  (15 )
2 r  2 r  rwhere K^=1—a—a —»»*a ; ; e t c ,  and Kr =a , I t  can
e a s i l y  be shown th a t  th e  r a t i o  o f  th e  ( r+ 1 ) term  to  th e  r
terra i s , a t  t= 0 , o f  th e  o rd e r o f a  when a  i s  s m a l l .  For l a r g e r
t  t h i s  r a t i o  d ec rea se s#  S in ce  in  a l l  e x p e r im e n ta l ru n s ,  a  was o f
th e  o rd e r  o f #1 , i t  was a  s u f f i c i e n t  ap p ro x im a tio n  to  c o n s id e r
o n ly  th e  f i r s t  two te rm s o f e q u a tio n  ( 1 5 ) .  W ith t a =10G n sec  and
v a lu e s  o f  a  v a ry in g  from  #06 to  . 2 , P ( t )  v/as computed f o r  v a r io u s
v a lu e s  o f  C and th en  v/as s u b je c te d  to  a  l e a s t  sq u a re s  a n a ly s i s
l
to  f in d  th e  v a lu e s  o f Z  observed  d u r in g  cm e x p e r im e n ta l run  
assum ing a  s in g le  e x p o n e n tia l  decay . The v a lu e s  r e s u l t i n g  from 
th e se  c o m p u ta tio n s , w hich were perform ed w ith  an IBM 1620 com puter, 
were ta b u la te d  ( t a b l e  l’t'j and were u sed  to  c o r r e c t  th e  observed  
v a lu e s  o f Z  .
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C o rre c te d  V alues o f th e  A pparent L ife  tim e °  f o r  'Various V alues 
o f - " a ” , th e  P r o b a b i l i ty  o f O bserv ing  Two Photons p e r  E xperim ent
C o rre c te d  
V alue o f 
th e  A pparap t 
L ife tim e  X  
(n s o c )
O bserved V alues 
a = .0o a =«08 a = .10
of th e  A pparent L ife tim e  V 1 
(n se c )
a =.12 a = . l4  a = . l 6  a = . l 8 as=,2Q
15*0 1 4 ,9 14»9 1 4 .9 14 .9 1 4 ,8 14 .8 1 4 ,8 1 4 .8
20.0 1 9 .8 1 9 .8 1 9 ,7 19 .7 1 9 .7 19.6 19.6 1 9 .5
25.0 2 4 .7 24*6 2 4 .5 2 4 .5 2 4 .4 24 .3 2 4 .2 24.1
50*0 2 9 .5 2 9 .4 2 9 .3 29.1 29.0 28.8 2 8 .7 28.5
5 5 .0 3 4 .5 34.1 3 3 .9 3 3 .7 3 3 .4 3 3 .2 3 3 .0 32.8
4 0 .0 5 9 .0 3 8 ,7 3 S .4 38.1 3 7 .8 3 7 .5 3 7 .2 36.8
4 5 .0 4 3 .7 4 3 .3 4 2 ,9 4 2 ,5 4 2 .0 41 .6 4 1 .2 4 0 .7
50*0 4 8 ,3 4 7 .3 4 7 .3 4 6 .7 4 6 .2 45 ,6 45.1 4 4 .5
55*0 5 2 .9 52.2 5 1 .5 5 0 ,9 50.2 4 9 .5 4 8 .8 48.1
60.0 5 7 .4 56.6 55*7 5 4 ,9 54,1 53*2 5 2 .4 51 »6
6 5 .0 6 1 .9 6 0 ,9 5 9 .9 5 8 .9 57*9 56 .9 5 5 .9 5 4 .9
7 0 . 0 66*3 65.1 6 3 .9 6 2 .7 61.6 6 0 ,4 5 9 .3 38.1
75*0 7 0 .6 6 9 .2 67.8 6 6 .5 6 5 .2 6 3 .8 62.5 61.2
8o.o 7 4 ,9 7 3 ,3 7 1 .7 70,2 68.6 67.1 6 5 .7 6 ^ .2
85.0 7 9 .2 7 7 .3 7 5 .5 73 .8 ?2 .1 7 0 .4 68.7 67,1
90.0 8 3 .4 81 ,3 7 9 .3 77 .3 7 3 .4 7 3 .5 7 1 . 6 69,8
9 5 .0 8 7 .5 85.2 83.0 0O.8 78.6 76 .5 7 4 .5 7 2 .5
1 0 0 .0 9 1 .7 89.1 8 6 ,6 84.1 8 1 ,8 79 .5 7 7 .2 7 5 .0
105 .0 9 5 .7 9 2 .9 90*1 8 7 .4 t 8 4 .8 82.3 7 9 ,9 7 7 .5
1 10 .0 9 9 .7 96.6 9 3 .6 90 .6 87 .8 85.1 8 2 .4 7 9 .9
» , .c o n t in u e d . . •
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TABLE 4 . « .c o n t in u e d .»•
C o rre c te d  
Value o f
th e  A pparen t 
L ife tiia e  t '  
(n se c )
O bserved V alues 
a~,06  a~.Go a= .1 0
o f th e  
(n s e c )
a= .12
A pparent L ife tim e  x ‘ 
a = . l4  a - . 16 a ~ . 18 a= .20
115 .0 103.7 100.3 9 7 .0 9 3 .8 9 0 .7 8 7 .  s 8 4 .9 82.2
120 .0 107.6 103.9 100,3 9 6 .9 9 3 .6 9 0 .4 8 7 ,4 8 4 .4
125 .0 111.5 107,5 103.6 99 .9 9 6 .4 9 3 .0 89.7 8 6 .6
130 .0 115.4 111,0 106.8 102 .9 99.1 9 5 .5 92.0 88.7
135 .0 119.1 114.5 110 ,0 105.8 101.7 97 .9 9 4 .2 9 0 .7
140 .0 122,9 117.9 113.1 108,6 104,3 100.2 9 6 .3 9 2 .6
145 .0 126*6 121.2 116.2 111 .4 106.8 102.5 9 8 .4 9 4 .5
150 ,0 130.3 124,6 119.2 114.1 109.3 104,8 100.5 9 6 .4
160 .0 137.5 131.1 125 .0 119 .4 114.1 109.1 104,3 9 9 .9
170 .0 144.6 137 .4 130 .7 124.5 118*6 113.2 108.0 103.2
180.0 151 .5 143.6 136.2 129 .4 123 .0 117.1 111.5 106.3
190 ,0 158,3 149.6 141,5 134,1 12?.2 120.8 114.8 109.2
2 0 0 .0 164 .9 155 .4 14 6 .? 138.6 131.2 124*4 118,0 112.0
2 1 0 .0 171 .4 161 .1 151.6 1 43 .0 135*1 127.7 121,0 114,7
22 0 .0 177.S 166.6 156.5 147 .2 138.8 131.0 123.8 117.2
230.0 184,1 172 .0 161.1 151.3 142,3 134.1 126.5 119,6
2 4 0 .0 190.2 177.3 165.7 155.2 145 .7 137.1 129.1 121 .8
260,0 202.1 187 ,4 1 ?4 .4 162,7 152.2 142,7 134.0 126.0
280.0 2 13 .3 197.1 182,6 169.7 158.2 147.9 138.5 129.9
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